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ABSTRACT

The relationship between the emission of ozone precursors and the chemical production of tropospheric
ozone (O3) in the Pearl River Delta Region (PRD) was studied using numerical simulation. The aim of
this study was to examine the volatile organic compound (VOC)- or nitrogen oxide (NOx =NO+NO2)-
limited conditions at present and when surface temperature is increasing due to global warming, thus to
make recommendations for future ozone abatement policies for the PRD region. The model used for this
application is the U.S. Environmental Protection Agency’s (EPA’s) third-generation air-quality modeling
system; it consists of the mesoscale meteorological model MM5 and the chemical transport model named
Community Multi-scale Air Quality (CMAQ). A series of sensitivity tests were conducted to assess the
influence of VOC and NOx variations on ozone production. Tropical cyclone was shown to be one of the
important synoptic weather patterns leading to ozone pollution. The simulations were based on a tropical-
cyclone-related episode that occurred during 14–16 September 2004. The results show that, in the future,
the control strategy for emissions should be tightened. To reduce the current level of ozone to meet the
Hong Kong Environmental Protection Department (EPD) air-quality objective (hourly average of 120 ppb),
emphasis should be put on restricting the increase of NOx emissions. Furthermore, for a wide range of
possible changes in precursor emissions, temperature increase will increase the ozone peak in the PRD
region; the areas affected by photochemical smog are growing wider, but the locations of the ozone plume
are rather invariant.
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1. Introduction

Air pollution has become one of the most impor-
tant and challenging issues for megacities worldwide.
The air quality in the Pearl River Delta (PRD) re-
gion of China has been characterized by episodes of
high surface ozone (O3) levels which have often ex-
ceeded the health standard (Wang, 2003, 2006; Jiang,
2008, 2010). The high O3 concentration originated
from photochemical reactions of volatile organic com-

pounds (VOCs) and nitrogen oxides (NOx=NO+NO2)
under sunlight. Other processes, such as horizontal
and vertical advection, transport, and deposition, also
have significant roles in O3 formation and depletion
in the planetary boundary layer. At present, the crit-
ical issue in the control of ground-level O3 pollution
is to identify the relationship of O3 production with
its variations in precursor emissions, that is, whether
this relationship is VOC limited or NOx limited (NRC,
1991).
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The application of various emissions reduction poli-
cies is a long-term endeavor. Previous works (Johnson
et al., 1999; Hogrefe et al., 2004; Mickley et al., 2004;
Leung and Gustafson, 2005) have indicated that using
current meteorological conditions to determine future
air quality is no longer sufficient. Significant changes
in global and regional climate could affect meteorolog-
ical conditions in the future; thus, the emission reduc-
tion policies aimed at reducing the negative impacts of
ozone should account for this potential change. The
average global air temperature has increased by 0.76◦C
over the past century, and it is predicted to increase
further by 1.8◦C–4.0◦C in the coming century (IPCC,
2007). Climate change has significant impact on air
pollution on global and/or regional scales (Jacob et
al., 2009). So far, there have been few peer-reviewed
studies reporting the impact of temperature increase
on the ozone production efficiency (OPE) in the PRD
region of China. The aim of this study was to exam-
ine the VOC- or NOx-limited conditions at present and
in the future when surface temperatures increase and
to make recommendations for future ozone abatement
policies for the PRD region. We studied O3 concentra-
tions under different VOC and NOx emission scenarios
and under different surface temperatures.

In this study, we evaluated the effects of changes
in O3 precursor emissions and air temperature on the
gas-phase chemistry in the PRD region. Input data
and the methodology of the simulation study are de-
scribed in section 2. Subsequently, computed results
of this study and data analyses are discussed in section
3. Conclusions are summarized in the last section.

2. Methodology

We used a chemical transport model to study the
chemical production of O3 in the troposphere under
different VOC and NOx emission scenarios. We then
repeated the analysis with increased ground and air
temperatures. The simulation was based on a tropical-
cyclone-related regional ozone episode that occurred
between 14 and 16 September 2004.

2.1 Model configuration

The chemical transport model named Community
Multi-scale Air Quality (CMAQ) was used in this
study. It is a three-dimensional air-quality model de-
veloped by the U.S. Environmental Protection Agency
(EPA; Byun and Ching, 1999). In this study, we fo-
cused on gas-phase chemistry, which is represented by
the carbon bond CB-4 chemical mechanism (Gery et
al., 1989).

The MM5 meteorological model provided the me-
teorological input to the CMAQ. The domain config-

uration is the same as domain 1 of our previous study
(Wei et al., 2007), which covered the whole of China
and East Asia. The simulation started at 1200 LST
13 September 2004, and the duration was 85 h in to-
tal. With 12 h of model spin-up, simulation results
from 0000 LST 14 September 2004 to 0000 LST 17
September 2004 were analyzed. During this summer-
time ozone episode, a tropical low-pressure system per-
sisted in the South China Sea for 3 days. The rela-
tively high temperature, weak wind, and stagnation
conditions favored the accumulation of precursors and
the generation of high O3 levels. Because of the large
computational domain and a long computation time,
the horizontal resolution of the grid in this study was
81 km.

2.2 Emission inventory

In this study, we basically used the regional inven-
tory for anthropogenic and biomass burning emissions
compiled by Streets et al. (2003). However, there is
compelling evidence that the carbon monoxide (CO)
and NOx were underestimated in this inventory, par-
ticularly for central and south China (Carmichael et
al., 2003; Palmer et al., 2003). In this study, the emis-
sion inventory was adjusted according to Wang et al.
(2004), who used an inversion model analysis. CO
and NOx in North China (35◦–41.3◦N, 190◦–124◦E)
were increased by 24% and 47%, respectively. In cen-
tral China (28.1◦–35◦N, 109◦–123◦E) the increase was
75% for CO and 189% for NOx. For South China (17◦–
28.1◦N, 109◦–116◦E), the increases were 88% for CO
and 47% for NOx. Apart from these adjustments, no
other modifications on emissions were made.

The biogenic emissions were estimated using the
Biogenic Emissions Inventory System version 3.09
(BEIS 3.09) algorithms in Sparse Matrix Operator
Kernel Emissions (SMOKE) model system (Houy-
oux et al., 2000). Leaf temperature, pressure, and
cloud-cover fraction as a function of both time and
location required by the derivation of the BVOCs
were output from the meteorology–chemistry inter-
face processor (MCIP), which links meteorological
models MM5 with the chemical transport model of
the CMAQ modeling system. All vegetation types
and density data required to predict biogenic emis-
sions in SMOKE were generated using 30-s USGS data
(ftp://ftp.ucar.edu/mesouser/MM5V3/TERRAIN D-
ATA/). In total, seven biogenic species were estimated
using the SMOKE model system, namely isoprene
(ISOP), terpene (TERPB), paraffin carbon bond
(PAR), high molecular weight aldehydes (ALD2),
and olefinic carbon bond (OLE), non-reactive carbon
(NR), and NO.
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Table 1. Maximum concentration of O3 obtained in the CMAQ at 15 h (HK local time) and throughout the day. FVOC
and FNOx denote the factors applied to augment or reduce VOC and NOx emissions for each simulation.

Without temperature increase With temperature increase

Max. O3 Daily Max. Max. O3 Daily Max.
Run no. FVOC FNOx at 15 LST max. O3 hour at 15 LST max. O3 hour

R1 0.1 0.1 87 98 16 114 128 16
R2 0.1 1 143 185 17 184 266 17
R3 0.1 10 55 57 16 57 58 16
R4 10 0.1 65 67 16 82 82 15
R5 10 2 264 301 16 335 381 16
R6 1 0.1 78 82 16 97 100 16

R7 (base case) 1 1 270 270 14 301 301 14
R8 1 10 310 499 16 584 629 16
R9 1 2 414 415 15 490 490 14
R10 1 4 595 606 15 741 741 14
R11 2 10 860 860 14 996 996 14
R12 2 20 475 756 16 855 875 16
R13 30 10 416 428 15 499 499 14
R14 3 10 799 799 14 868 873 13
R15 3 30 612 910 16 1042 1042 14

2.3 Sensitivity analysis and global warming
scenario setup

In total, a series of 15 simulation runs were per-
formed. Whereas the meteorological conditions re-
mained constant, the VOC and NOx emissions were
varied in each run. The factors applied in each run
are shown in Table 1. The simulations were designed
to study the change in peak O3 due to different VOC
and NOx emission scenarios. The explored range of
VOC and NOx emissions was large enough to facilitate
the construction of ozone isopleths that distinguish the
VOC- and NOx-limited regions (Toro et al., 2006).

The global mean temperature at the Earth’s sur-
face is expected to rise. To study the implication of fu-
ture temperature increase on O3 production, we re-ran
all 15 cases with 10% increases in both air and ground
temperatures, while the spatial temperature distribu-
tion pattern was unchanged. The 10% increase was,
strictly speaking, arbitrary. It was chosen based on
the existing air temperature range of 22◦C–34◦C in
the PRD region. The 10% increase resulted in a tem-
perature increase of 2.2◦C–3.4◦C, which is consistent
with the predicted 1.8◦C–4◦C increase in global aver-
age air temperature by the end of the current century
(IPCC, 2007). It should be noted that this temper-
ature adjustment was the only change applied to the
MM5 meteorological output, which was subsequently
utilized in the CMAQ model. Therefore, the tempera-
ture change was applied in an uncoupled manner and
did not affect other physical parameters, such as wind
speed, wind direction, or the boundary-layer height.
The only impact of temperature in these simulations

occurred via the chemical kinetic reaction rates. Other
temperature interactions, such as those that could al-
ter emissions or other physical atmospheric properties,
were not considered in this study. This methodology
of accounting for global temperature increase is similar
to that used by Steiner et al. (2006).

3. Results and discussion

3.1 Model performance

The map of PRD region and Hong Kong and the
air-quality observation stations are shown in Fig. 1.
Figure 2 shows the O3 feature of the studied episode
and the corresponding modeled result (Run7 in Table
1). First, although the resolution is relatively coarse

Fig. 1. Map of PRD region and Hong Kong, the air-
quality observation stations as shown in black points.
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Fig. 2. Observed and corresponding simulated surface for (a) ozone
concentration and (b, c) wind vector.

at 81 km, it shows that the simulation basically repro-
duced the O3 peak that matches the O3 peak observed
in Tung Chung (a new town located in the western part
of Hong Kong), except for the timing of ozone peaks on
15 and 16 September in the simulation. Second, this
O3 episode was regional; high O3 levels were detected
in almost the entire territory of Hong Kong. All the
air-quality monitoring stations located at different ar-
eas, urban and suburban, recorded O3 concentrations
exceeding 100 ppb (see Fig. 2) in daytime during this
event. The peak concentrations of O3 were recorded
at other monitoring stations: Central Western (CW),
Yuen Long (YL), Tap Mun (TM) (Fig. 2). On both
14 and 16 September, the O3 concentration reached
nearly 150 ppb at the urban station CW. Even at the

rural station TM, which is sparsely populated with
very few anthropogenic emissions, the O3 concentra-
tion exceeded 100 ppb on both 15 and 16 September.

Another distinctive feature of this episode was the
wind field. Two features were observed: the diurnal
change in wind direction and the slow rotation of wind
before and after the episode. The local wind at YL
was typically dominated by a northerly vector in the
morning that switched to southerly direction in the af-
ternoon on all 3 days, 14, 15, and 16 September 2004
(Fig. 2b). Both the local wind at the rural station TM
(Fig. 2c) and the simulated regional wind (Figs. 3a
and c) show the wind change from northerly to south-
easterly during these 3 days.

Our hypothesis was that the O3 was formed in the
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Fig. 3. Modeled wind (vector) and wind speed (shaded, units: m s−1) at 1500 LST for (a) 14 September,
(b) 15 September, and (c) 16 September 2004. The increase in surface ozone concentration using adjusted
emissions over the estimation of (Street et al., 2003) inventories are shown in (d–f) for the corresponding
points of time. (units: ppb)

boundary layer over the PRD region on the first 2 days
under the slow northerly wind. Figures 3a–c shows
that low wind speed was prevalent in the PRD region
and its vicinity during the episode. Light wind and
the wind convergence in the PRD region favored the
accumulation of precursors and the formation of high
O3 concentration. Most of the O3 was trapped in the
off-coast area over the South China Sea. On the 16
September, the whole PRD region was dominated by
a southeasterly wind. Ozone was transported back to
the PRD region.

3.2 Relationship between peak O3 and precur-
sors and impact of temperature increase

In section 3.1 the base case simulation was re-
ported. The impact of VOC and NOx emissions are
presented in this section. Simulations were repeated
14 times using different VOC or NOx emissions in each
run. The results of the sensitivity tests are listed in
Table 1.

3.2.1 Variation of maximum O3 under different VOC
and NOx emission scenarios

Table 1 shows that when VOC emission were de-
creased by 90% while NOx emission was increased to
10 times (case R3), or vice versa (case R4), the O3

concentration at the ground level was greatly allevi-
ated compared to the base case R7. The daily peak

O3 concentrations at ground level were reduced from
270 ppb to 57 ppb and 67 ppb, respectively, in these
runs. That is, surface O3 was reduced substantially
by drastically reducing either VOC or NOx emissions.
When the VOC emissions were constant and that of
NOx was doubled (case R9), the modeled surface ozone
concentration peak dramatically increased to 415 ppb.
In the extreme case, when VOC and NOx emissions
were increased to 30 and 10 times, respectively, the
surface O3 peak remained at 428 ppb (R13). These
results agree well the observed meteorological condi-
tions. When both the surface and air temperatures
were enhanced by 10%, peak O3 concentrations were
enhanced in almost all cases (Table 1).

The variations of the O3 peak with the ratios of
FVOC:FNOx, (FVOC and FNOx denotes the factors
applied to augment or reduce VOC and NOx emis-
sions for each simulation, respectively), in 15 sensi-
tivity tests under the observed meteorological con-
ditions and the temperature-increase scenario are il-
lustrated in Fig. 4. The hollow markers represent
peak O3 produced under real meterological input; the
solid markers represent peak O3 produced under the
temperature-increase scenario. The interesting region
in Fig. 4 is where the FVOC:FNOx ratio is near 0.1.
In this region, the temperature-increase scenario in-
creased the daily peak O3 concentration significantly
when the FVOC:FNOx ratio was between 0.1 and
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Fig. 4. Variations of modeled daily maximum ozone concentration un-
der real meteorological conditions and temperature-increase scenarios
versus FVOC/FNOx ratio. The marker size is increasingly proportional
to the test number from T1 to T15.

0.5. When the ratio was near 0.1, NOx was abun-
dant during the daytime and O3 was rapidly produced
through photolytic reaction with hydroxyl radicals.
Altogether, in four cases the FVOC:FNOx ratio was
equal to 0.1: R2, R8, R12, and R15. Only R2 showed
a reduction in VOC emissions. The following cases
showed substantial increases in NOx emissions: R8
(an increase to 10 times the base value), R12 (an in-
crease to 20 times), and R15 (an increase to 30 times).
The daily maximum O3 concentration increased from
185 ppb (R2) to 270 ppb (R8) to 756 ppb (R12) to
910 ppb (R15). The impact on peak O3 concentra-
tion due to temperature increase was smallest when
the ratio of FVOC:FNOx was 0.01 (R3). The daily
O3 maximum only changed from 57 ppb to 58 ppb.
In case R3, VOC was drastically reduced by 90%, but
NOx drastically increased to 10 times. That is, when
FVOC:FNOx was <0.1, along with the FVOC:FNOx

increased from 0.01 to 0.1, the ozone concentration
dramatically increased, which implies that controlling
VOCs (decreasing FVOC:FNOx) would reduce ozone
concentration. Along with the FVOC:FNOx range
between 0.1 and 10, controlling the NOx (increasing
FVOC:FNOx) would reduce ozone concentration. In
conclusion, when the FVOC:FNOx ratio was <0.1, it
was VOC limited, and when the FVOC:FNOx ratio
was between 0.1 and 10, it was NOx limited. The lim-
iting ratio of FVOC:FNOx in this study was similar
but not the same as that of Toro et al. (2006), which
reported a FVOC:FNOx ratio between 0.5 and 10.

3.2.2 VOC limited or NOx limited
Ozone production in photochemical smog processes

can be evaluated by plotting the isopleths of maxi-
mum O3 concentration. Seinfeld and Pandis (1998)

and Palmer et al. (2003) generated O3 isopleths from
a number of experiments with photochemical smog
chambers. The O3 isopleths allowed the estimation
of the sensitivity of the maximum O3 concentrations
according to the VOC and NOx concentrations. Al-
though the pattern of the O3 isopleths was similar
in all of the experimental photochemical systems, the
shape of the ozone isopleths depends on the specific
conditions of radiation, the initial amount of the reac-
tive pollutants, the reaction times, and other variables.
To the best of our knowledge, this evaluation has not
been applied to the PRD region. Figure 5 displays
the peak O3 isopleths as a function of NOx and VOC
emissions at 0600 LST under real meteorological and
temperature-increase scenarios.

In the upper-left corner of Fig. 5, the vertical
shaving of the O3 isopleths at constant VOC indicates
the sensitivity of O3 to VOC emissions. Whereas the
horizontal lines on the lower-right corner indicate the
corresponding sensitivity to NOx emissions, when the
NOx emissions were >105.3 kg and the VOC emissions
were >106.9 kg, the ozone concentration decreased
with VOC increase because of the abundance of VOC.
Notably, high O3 concentration (∼800 ppb) occurred
when emission of VOC and NOx were 107.1 kg and
106.2 kg, respectively. Below this ratio, ozone concen-
tration decreased rapidly when NOx and VOC both
decreased.

When the ozone isopleths of the PRD region un-
der real temperature and temperature-increase scenar-
ios were compared (Fig. 5), both scenarios belonged
to the NOx-sensitive conditions under current emis-
sion levels. If the emissions of VOC and NOx remain
at the current levels, the influence of temperature in-
crease will result in a ∼10% increase in the daily O3
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Fig. 5. Maximum ozone concentration isopleths (in ppb) as a function of VOC
and NOx emissions in log space at 0600 LST (in logarithmic scale). The base
case is marked with a dot (a) current conditions (b) global warming.
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Fig. 6. Locations of the daily maximum surface ozone concen-
tration for different FVOC:FNOx ratios. Ratios in left and right
columns denote observed temperature and temperature-increase
scenarios, respectively.

peak concentration. The daily O3 peak concentration
increased under the temperature-increase scenario in
all of the simulation runs.

3.2.3 Effects of temperature rise on locations of max-
imum O3

The locations of daily O3 peaks in observed
temperature and temperature-increase scenarios are
shown in Fig. 6. The differences in O3 peak loca-
tions caused by temperature increase were trivial ex-
cept when FVOC/FNOx was >1 and at the same time
FNOx was <1. The locations of O3 peak concentration
reside in the PRD region under both scenarios.

3.3 Estimation of ozone production efficiency
and its response to temperature increase

Ozone production efficiency (OPE) is an important
and widely used parameter for evaluating the NOx

emission impact and considering the conditions of O3

formation. Although many laboratories and modeling
studies have reported the basic characteristics of pho-
tochemical O3 formation, a three-dimensional chemi-
cal transport model was used to determine how the
projected driving forces of emissions and meteorology
affect the nonlinear photochemical formation of O3. In
this section, we present the numerical simulation res-
ults of ozone production efficiency under observed tem-
perature and temperature-increase scenarios.

OPE can be defined as the number of molecules of
oxidants (O3+NO2) produced photochemically when
a molecule of NOx (NO+NO2) is oxidized (Kleinman
et al., 2002). The OPE is the number of O3 molecules
produced by oxidation of each NOx molecule within
a parcel of air. Empirically the OPE can be inferred
from the regression slope of the observed scatter plot
of O3 concentration versus the concentration of NOx
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Fig. 7. Scatter plot of modeled O3 versus NOz at Tung Chung station (shown in Fig. 1). The line start
from grey points at 0600 LST, and the interval between each point is 2 h. Triangle markers denote results
using real temperatures and solid circles denote results using the temperature-increase scenario.

oxidation products, that is, NOz (Trainer et al., 1993).
In this study, we used the regression slope of day-
time 0700 LST ∼1500 LST) O3/NOz as OPE because
O3 tends to be more photochemically active during
this period. The NOz in this study included peroxy-
acetylnitrate (PAN), nitrous acid (HONO), nitric acid
(HNO3), dinitrogen pentoxide (N2O5), and other or-
ganic nitrates.

Figure 7 shows the evolution of the relationship
between ozone and NOz on each day, 14, 15, and 16
September 2004 under the observed temperature and
the temperature-increase scenario (FVOC:FNOx ra-
tio). On 14 and 15 September, the O3 and NOz were
positively correlated in each of these plumes both un-
der observed and warming scenarios before 1500 LST.
The regression slopes between 0700 LST and 1500 LST
decreased slightly when temperature increase was in-
corporated. Except for the first few hours on the first
day, most of the time during the whole episode, the
O3/NOz curves under the temperature-increase sce-
nario shifted to the right of the curve associated with
the observed temperature scenario (Fig. 7). This re-
sult indicates that when temperature increased, higher
NOz concentration was obtained at the same O3 con-
centration. Another interesting feature is the positive
O3–NOz relationship under a temperature-increase
scenario that extended to higher NOz values than were
indicated by the observed temperature scenario. This
result implies that the crossover point between the
NOx-sensitive conditions and the VOC-sensitive con-
ditions shifted and that the polluted air mass under
a warmer environment contained more NOx before it
became an NOx-sensitive condition.

Using time-dependent Lagrangian modeling,
Kleinman et al. (2002) suggested that when a polluted
air mass is diluted by background air, OPE increases.
This point corroborates the increase of OPE during

the episode examined in our study. Furthermore, it
has been qualitatively confirmed in several field studies
that OPE is inversely dependent on NOx concentra-
tion. Liu et al. (1987) and Lin et al. (1988) were
among the first to examine OPE, and they concluded
that an NOx molecule has a higher OPE in clean, re-
mote regions compared with polluted regions. A NOx

molecule could be an order of magnitude more effec-
tive in forming O3 in clean, remote regions (i.e., high
OPE) compared with polluted regions (i.e., low OPE).
As a matter of fact, NOx concentrations are relatively
low in clean, remote rural areas. At the same time,
OPE was found to have a maximum of ∼10 (Trainer et
al., 1993; Kleinman et al., 1994; Olszyna et al., 1994).
Observations of urban plumes have indicated values
of OPE between 3 and 4 in New York City (Kleinman
et al., 2000). In the base case of this study, OPE was
∼7–9 under the observed temperature scenario and
decreased to ∼6–7 under the temperature-increase

Fig. 8. OPE and FNOx for each simulation on 14
September. (15 September and 16 September are very
similar and therefore were omitted.)
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Table 2. OPE calculated at Tung Chung station.

OPE OPE∗

Run no. 14 Sep 15 Sep 16 Sep 14 Sep 15 Sep 16 Sep

R1 16 24 20 20 30 23
R2 7 8 10 7 10 10
R3 1 2 1 1 1 1
R4 −6 3 3 1 2 1
R5 1 1 1 0 1 0
R6 7 16 20 10 16 13

R7 (base case) 8 7 9 6 7 7
R8 3 3 3 3 3 3
R9 6 6 7 5 5 6
R10 5 4 6 4 4 5
R11 3 2 3 2 2 3
R12 2 2 2 2 2 2
R13 0 0 0 0 0 0
R14 3 2 3 2 2 2
R15 2 1 1 1 1 1

scenario. This shows a trend of change from NOx-
limited (cleaner, remote air parcel) to VOC-limited
conditions (more polluted air parcel). Thus the de-
crease of OPE under a global warming scenario im-
plies that the extent of pollution in polluted regions
has intensified. In case R7 (base case), after 1500 LST
on the 16 September, the ozone level decreased quite
rapidly; even the NOz concentration did not change
much, and the positive correlation relation between O3

and NOz continued even after sunset. To further eval-
uate this point, OPE was calculated for each day and
each simulation run (Table 2). Comparing the results
with and without temperature increase, the OPE gen-
erally decreased when temperature increased, except
for the cases R1 and R2.

Figure 9 shows the OPE distribution (between
0600 LST and 1500 LST) in Guangdong Province dur-
ing the studied episode. Figures 9a–c displays results
under observed temperature scenario, and Figs. 9d–f
displays results under a temperature-increase scenario.
Low OPE values in the range of 0–5 imply polluted
regions, which are marked as light grey. Contours
that have negative values of OPE are shown as blank.
There are two features in Fig. 9 worth noting. First,
the prevailing wind directions were different for the 3
days, namely northerly, southwesterly, and southeast-
erly winds. Second, the low OPE (polluted region)
area was changing during the 3 days. Kleinman et al.
(2002) suggested that OPE generally increases with
time due to oxidation chemistry and plume dilution.
The amount of O3 produced in a plume depends on
the chemical mixing of the plume (abundance of NOx

and VOC and their ratio) as well as the meteorological
conditions that affected the dispersion and removal of
constituents in the plume. Figure 9 shows that the

low OPE area became broader, especially in the PRD
region, under the temperature-increase scenario.

4. Conclusions

The sensitivity of O3 formation was studied us-
ing a series of numerical simulations under different
NOx and VOC emission scenarios. Significant reduc-
tion in PRD surface O3 was achieved by drastically
reducing either VOC or NOx by 90%. It appears that
abatement in NOx is more efficient than reduction in
VOC, but the results also show that O3 abatement is
not a straightforward issue. The lowest O3 concentra-
tion occurred in case R3, where FVOC was 0.1 and
FNOx was 10. The ozone isopleths of the PRD re-
gion showed that they were both NOx-sensitive with
or without temperature increase. When the emission
of NOx was increased ∼4 times (105.9/105.3), the sit-
uation changed to a VOC-limited condition.

When the emission of VOC and NOx remained
unchanged at the current rates, the temperature-
increase resulted in an increase of the O3 peak of 10%.
When the emissions of VOC and NOx were further
increased, the daily O3 peak increased further under
the temperature-increase scenario. Thus, in the fu-
ture, the temperature is expected to increase, and the
control policy should account for these changes in me-
teorology. Our results show that OPE would decrease
in the PRD region under the temperature-increase sce-
nario, which implies the presence of more NOx corre-
sponding to the same ozone levels at higher tempera-
tures. These results also show stronger photochemical
production under the warming scenario. However, the
locations of daily O3 peak was not sensitive to the tem-
perature increase; there were only slight differences be-
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Fig. 9. The spatial distribution of OPE determined as the slope of a
regression of modeled Ox and NOz calculated in base case.

tween the two scenarios. Although the spatial patterns
were similar, the smog covered a larger area when the
temperature increased. In the future, when the tem-
perature increases, more strict control measures are
necessary to reduce O3 concentration.
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